have more variable body temperatures than other sympatric lizard species, 7) have a conspicuously specialized diet which consists largely of ants and/or, sometimes, beetles, 8) tend to have an exceptionally large stomach capacity for their body size, 9) have a specialized dentition which facilitates ant-eating (myrmecophagy), 10) produce large numbers of relatively small eggs or young and 11) expend a considerable amount of energy on each clutch or litter of young, although expenditure per individual progeny is comparatively low due to the very large clutches and litters in the genus.
Here we consolidate the scattered ecological literature on Phrynosoma. We examine and attempt to document the above list of phenotypic traits, and we suggest ways in which this particular constellation of coadaptations could facilitate efficient exploitation of ants as a food source. An integrated view of the ecology of these bizarre lizards is developed, and aspects of Phrynosoma ecology are briefly compared with those of the independently evolved, but ecologically somewhat similar, Australian agamid lizard Moloch horridus. Data are presented on time of activity, body temperature relationships, diet, stomach size, clutch and litter size, reproductive effort, expenditure per progeny, testicular cycles, body size, sexual size dimorphisms, seasonal changes in size distributions, growth rates, size and age at sexual maturity, movements and homing, predation and broken tails, and competitors. Particular emphasis is given to the desert horned lizard, P. platyrhinos, although we also present some comparative data and discussion on eleven other species: P. asio, P. boucardii, P. braconnieri, P. cornutum, P. coronatum, P. douglassi, P. m'calli, P. modestum, P. orbiculare, P. solare and P. taurus.
Phrynosoma are restricted to central and western North America, primarily in arid and semi-arid habitats such as desert, thorn scrub and grassland. The desert horned lizard, Phrynosoma platyrhinos, occurs throughout most of the Great Basin, Mojave and Sonoran deserts; in the U. S., this wide-ranging species is found in southeastern Oregon, southwestern Idaho, most of Nevada, western Utah, southeastern California and western Arizona (in Mexico, it occurs in northwestern Sonora and extreme northeastern Baja California). Other members of the genus range from northern Guatemala to southern British Columbia [range maps have been published by Smith (1946) , Reeve (1952) , Horowitz (1955) and Stebbins (1954 Stebbins ( , 1966 ]. Reeve (1952) recognized 14 species, some of which have extremely restricted geographic distributions and are little known.
Horned lizards are seldom very abundant, and, in fact, are often rather uncommon lizards; as a result there are few detailed ecological studies on them. We examine the ecology of P. platyrhinos in as much detail as possible here, combining what has been reported in the literature with new information from our own studies. Data on body temperatures, stomach volumes, diets, clutch sizes and/or reproductive effort are also presented for many other species of Phrynosoma, either collected in the field or taken from preserved specimens in the collections of the American Museum of Natural History, the Los Angeles County Museum of Natural History, the Museum of Natural History (Kansas), the Field Museum of Natural History (Chicago), the San Diego Natural History Museum and the Texas Memorial Museum (we thank the curators of these museums, respectively Richard Zweifel, John Wright, William E. Duellman, H. Marx, Thomas Fritts and Robert Martin, for generous assistance).
As noted by Smith (1946) , the Texas horned lizard, P. cornutum, has attracted the attention of more naturalists than any other species of Phrynosoma. Observations on the egg-laying habits of P. cornutum have often been reported, as well as various other facets of its life history and reproductive biology (Edwards, 1896 (Edwards, , 1903 Strecker, 1908 Strecker, , 1927 Winton, 1916 Winton, , 1917 Givler, 1922; Reese, 1922 (Parker, 1971 (Parker, , 1974 Knowlton (1934 Knowlton ( , 1938 Knowlton ( , 1942 Knowlton ( , 1946 and his colleagues (Knowlton and Janes, 1932 , 1933 Knowlton and Thomas, 1934a,b, 1936; Knowlton and Baldwin, 1953 We studied P. platyrhinos on 13 desert study areas [previously reported by Pianka and Parker (1972) ] scattered over most of its geographic range. A population on an area 3 km west of Grantsville, Utah, was studied in detail; on this area, 96 P. platyrhinos and 47 P. douglassi were marked by toe clipping and released. These lizards were processed in Salt Lake City and returned to the point of capture the next day. Each animal was sexed, weighed to the nearest 0.1 g, and measured for snout-vent length (SVL) and tail length to the nearest mm. Growth rates were calculated for recaptured lizards after excluding the period from October to April when the animals are inactive. Some lizards were displaced upon return to the field; these were not transported in light-tight containers. Distance between captures was estimated relative to local landmarks for short moves, and measured on an aerial photograph for longer distances. For all active Phrynosoma encountered above ground of their own volition, we recorded date, time, approximate size and microhabitat position when first observed.
Most animals on areas other than the abovementioned Utah site were collected; as detailed below, these specimens provided additional data on cloacal temperature, sex, gonadal state, stomach contents, wet weight, exact size (SVL) and whether or not the tail had been broken and regenerated. Some males were checked for spermatozoa by crushing a section of the vas deferens.
Dissection of preserved specimens supplied information as follows. Testes lengths and widths were measured with vernier calipers or metal millimeter rulers, and ratios of mean testis length over SVL were calculated. Ovigerous females (those with eggs in their oviducts) and their eggs were either weighed to the nearest 0.1 g or their volume was estimated by volumetric displacement (a nearly one-to-one correspondence between weight and volume indicates their equivalence). Volumes of intact stomachs were estimated similarly to the nearest 0.1 cc with a small narrow-necked graduated cylinder. Both numbers and volumes of items in various prey categories were estimated for each stomach. Approximate proportional volumes of individual prey items were estimated visually, by the proportion of the total stomach volume taken up by a given item. Prey in each stomach were counted individually, except for ants for which standards were often determined and the number per stomach estimated from the volume. Field methods employed are discussed in greater detail by Pianka (1965 Pianka ( , 1967 Pianka ( , 1970b , Parker (1971 Parker ( , 1972 Fig. 1 shows the times of activity of P. platyrhinos on our four northern study areas (I, L, G and U) in the Great Basin desert, by month. During midsummer, the animals emerge early and activity seems to taper off after about 1000 hours. These data ( Fig. 1) suggest a bimodal daily period of activity in June, July and August, and a more unimodal activity pattern in May and September (however, without standardizing for diurnal variation in sampling effort, these trends are not conclusive). Expressing times of activity in units of "hours since sunrise" helps to standardize for seasonal shifts in time of activity and facilitates comparisons between species (Pianka, 1973) . Table 1 summarizes data on daily activity patterns of nine diurnal species of lizards on ten study areas in the Mojave and Sonoran deserts. To the extent that our collecting was concentrated during the period of greatest lizard activity in the morning hours, these data are clearly somewhat biased; however, observed differences between species, all of which were sampled over the same time period, presumably reflect real differences in activity patterns (Pianka, 1973) . The column at the far right of Table 1 represents the diversity of times of activity, or the "time niche breadth" of Pianka (1973) ; note that the diversity of the daily pattern of temporal activity is distinctly higher in P. platyrhinos than in most other sympatric species listed (Table 1) Table 2 . There is a weak positive correlation between body temperature and ambient air temperature in P. platyrhinos ( On some of our areas, stomachs of P. platyrhinos were filled almost entirely with small beetles, particularly when these insects were plentiful. P. asio, P. coronatum and P. orbiculare consume a lot of beetles, too. Table 6 summarizes the percentages of ants in the diets of samples of 13 species of Phrynosoma; in addition, statistics for the ratio of stomach volume over body weight are given for 12 species. Pianka and Pianka (1970) presented data showing that the volume of the stomach of P. platyrhinos is significantly larger than that of various sympatric species of lizards. The diet and large stomachs of many horned lizards are considered again below in terms of the overall ecology of Phrynosoma.
Stomach contents of 21 P. douglassi from area U in Utah are summarized in Table 7 ; We collected 46 P. platyrhinos females with enlarged yolked eggs 3 mm or larger in diameter during this study, 18 of which contained eggs in their oviducts. Mean clutch size from these data is 8.4 (S = 2.8, N = 46), although the distribution is somewhat bimodal. We found another 46 gravid female P. platyrhinos among the museum specimens examined. Tanner and Krogh (1973) report clutch sizes of another 24 females with a mean of 6.7. The overall mean clutch of 116 gravid females is 7.68 eggs. Clutch size is only weakly correlated with female body size in P. platyrhinos (Fig. 3) .
Adult female P. platyrhinos in Utah measure from 70 to 92 mm SVL. All Utah females had yolked eggs in May and most did in June (Table 8) productive cycle. On northern areas, males emerge from hibernation (March-April) with enlarged testes; testicular dimensions peak in mid-May to early June, and then decline rapidly through early July (Fig. 4, dots) . Adult activity is also reduced after June. Utah males collected from 22 April through 10 May lacked spermatozoa, while those captured from 15 May through 12 June all had spermatozoa (this corresponds to the period of female ovulation). In the south, testes remain large into early August, further evidence of two (or more) clutches per season (Fig. 4, circles) . The general pattern of testicular development and regression in P. platyrhinos is similar to that of P. douglassi (Goldberg, 1971) and P. cornutum (Ballinger, 1974), but differs from that of P. solare (Blount, 1929 (Parker and Brown, 1973) . Phrynosoma douglassi occurs in sympatry with P. platyrhinos on this study area, although the former is less abundant than the latter (42 versus 163 individuals captured). The area is apparently the major habitat of P. platyrhinos. Growth rates. A total of 96 P. platyrhinos and 27 P. douglassi were marked and released on area U. Seventeen individual P. platyrhinos and five P. douglassi were recaptured 26 and 7 times, respectively. Average weight gain for 14 juvenile P. platyrhinos males was 0.09 g/day (= 2.8 g/month) and for 5 juvenile females was 8 g/month) . Summer weight gain for seven exclusively summer (June-August) records, averaged 0.11 g/day (both sexes) versus 0.15 g/day for 13 spring and autumn records. Average growth rate of juvenile males was 0.26 mm/day (= 7.9 mm/month), and for females, 0.35 mm/day (= 10.6 mm/month). Summer growth (both sexes) was 0.31 mm/day versus 0.26 mm/day for autumn and spring. Selected growth records are listed in Table 9 . Growth rates of P. douglassi were 0.20 mm/day for two males and 0.34 mm/day for two females. These data indicate increased summer growth rates in P. platyrhinos, and show that females of both species grow faster than males, as might be expected since females attain slightly larger sizes than males in the northern parts of the species' geographic range.
Movements and homing. Average distance between successive captures of non-displaced juvenile P. platyrhinos was 18.0 meters for 7 male records and 22.5 meters in two females. No adults were recaptured.
Fifty juvenile P. platyrhinos and 18 juvenile P. douglassi were displaced distances between 50 and 2440 meters (32 P. platyrhinos and 13 P. douglassi were displaced less than 500 meters; 18 P. platyrhinos and 5 P. douglassi were displaced more than 1 kilometer). Table 10 in females), an average adult male is considerably smaller in the north than in the south (Fig. 5) . Female body size does not change nearly as much with latitude, so that the size difference between the sexes is more pronounced in the north than in the south (Fig. 5) . Factors underlying this shift in sexual size dimorphism are obscure; perhaps survivorship of southern males is higher than in the north and an average adult male older in the south.
Monthly changes of SVL size groups for three categories of P. platyrhinos in Utah are shown in Fig. 6 . Samples are about equally balanced between juveniles and adults in both spring (March-May) and summer (June-July). After July, adults apparently become inactive. We found no statistically significant differences in adult sex ratio in any month. Some juveniles obviously approach minimal adult size during late June, after the breeding season, and all probably reach the size of sexual maturity by the spring of their second year. Parker (1971) presented similar size histograms by months for P. solare from Arizona; his data suggest delayed reproduction as well.
Predation and broken tails.-While the tanklike, spinily-armoured, body form of horned lizards doubtless confers some immunity from predators, this protection is far from complete. We observed predation on P. platyrhinos by the loggerhead shrike (Lanius ludoviciana), Crotaphytus wislizeni, Crotalus cerastes and Masticophis taeniatus. Other avian predators, particularly raptors, and other large snakes also prey upon horned lizards (Vorhies, 1948; Miller, 1958) .
Broken and regenerated tails have proven to be useful indicators of the intensity of predation on some lizards, and latitudinal gradients in both numbers and density of saurian predators have been documented and correlated with frequencies of broken tails (Pianka, 1967 (Pianka, , 1970b . Only 16 of some 330 P. platyrhinos had tails which had been broken (4.9%); 6 of 97 (6.2%) southern animals had lost parts of their tails and 10 of 233 (4.3%) northern lizards had broken tails. This latitudinal difference in frequency of broken tails, however, is not statistically significant with a chi-square test.
Competition.-Due to their highly specialized and rather unique diet, most Phrynosoma are unlikely to experience much interspecific competition for food from other lizards. An exception is area T (22-23 km E Twentynine Palms, Calif.), where P. platyrhinos occurs in sympatry with the lizard Uma scoparia; the diet of Uma on this area is composed of 50% ants by volume and some 81% of these Uma were first observed in the open sun (Pianka, 1970b) . Food and place niche overlap, and perhaps competition as well, are thus high between these two species on this area. Overlap with six other diurnal lizard species is low in either microhabitat (Urosaurus graciosus) or food (Callisaurus draconoides, Crotaphytus wislizeni, Cnemidophorus tigris and Dipsosaurus dorsalis), or it is reduced in both microhabitat and food (Uta stansburiana). Competition with Uma is also suggested by the fact that P. platyrhinos is extremely rare on the area.
Usually only a single species of Phrynosoma exists on a given study site so that competition from congeners seldom occurs. However, as mentioned above, P. platyrhinos occurs in sympatry with the viviparous P. douglassi on area U (3 km W Grantsville, Utah). P. platyrhinos outnumbers P. douglassi by about 4 to 1 at this locality. Dumas (1964) noted that the geographic distributions of, as well as the habitats actually occupied by, these two species of horned lizards are largely allopatric; he also suggested that allopatry is maintained not by interspecific competition, but rather by differences in the thermal ecology and heat requirements of the two species, with the larger P. platyrhinos being better able to exploit higher temperatures than P. douglassi. Moreover, Dumas argued that viviparity allows P. douglassi to inhabit cooler environments, and, by transplanting gravid females, he was able to demonstrate that P. platyrhinos eggs laid in P. douglassi habitat developed too slowly to hatch before the onset of cool weather. Furthermore, Dumas suggested that the spinier P. platyrhinos are better protected from the predatory lizard Crotaphytus wislizeni, and he demonstrated that P. douglassi of varying sizes are readily eaten by this Crotaphytus. He also noted that leopard lizards (Crotaphytus wislizeni) are seldom sympatric with P. douglassi.
We made a number of observations on area U that are relevant to Dumas' hypotheses. from this area. Second, mean air temperature at the time of collection of some 33 P. douglassi (26.1 C) was almost identical to that of 62 P. platyrhinos (26.0 C) collected on this study area. Moreover, although our data on P. douglassi body temperatures are scant (N = 18), they do not differ significantly from body temperatures of P. platyrhinos on the same study area (t-test, P < .05). A most interesting fact is that P. douglassi on area U consume many fewer ants (only 15% by volume) than P. platyrhinos (64%), so that dietary overlap is relatively slight and competition for food is unlikely to be very strong. Notably enough, on other areas P. douglassi consumes many more ants [ Table  6 and Knowlton and Baldwin (1953)]. Thus P. douglassi appears to have shifted its diet on area U in response to competition with P. platyrhinos. As indicated earlier, P. douglassi may also occur in reduced abundance on this area.
AN INTEGRATED VIEW OF PHRYNOSOMA ECOLOGY
Many features of the anatomy, behavior, diet, temporal activity pattern, thermoregulation and reproductive tactics of P. platyrhinos reported above can be profitably interrelated and interpreted as a series of coadapted phenotypic 1 I pkl-W traits, whose functions complement one another to make this lizard ecologically successful (Pianka, 1965 (Pianka, , 1966 Pianka and Pianka, 1970) .
The stomach of P. platyrhinos, when expressed as a proportion of total body weight, occupies a considerably larger fraction of the animal's overall body mass (about 13%) than do stomachs of other sympatric desert lizard species (Pianka, 1965 (Pianka, , 1966 ; for data, see Table  6 of this paper and figure 6 in Pianka and Pianka, 1970) . Indeed, Pianka and Pianka (1970) found that the mean ratio of stomach volume to body weight of the herbivorous Dipsosaurus dorsalis (0.080)* to be distinctly smaller than the same ratio in P. platyrhinos (0.134). The diversity of times of activity, or the "time niche breadth" of P. platyrhinos is greater than comparable measures for other sympatric species (Table 1 ). Related to this broad time niche, variance in body temperature of active P. platyrhinos is significantly greater than that of most other species of sympatric lizards (Table  4 ). The wide fluctuations in Phrynosoma body temperatures under natural conditions presumably reflect both the long activity period of these lizards and perhaps their reduced movements into or out of the sun and shade (the vast majority of the animals are in the open when first sighted). More time is thus made available for other activities, such as feeding. Ants are small and presumably contain much unusable chitin (Kitchell and Windell, 1972) , so that relatively large numbers of them must be consumed and an ant specialist therefore must possess a large stomach for its body size; this necessitates a tanklike body form. Moreover, possession of such a large gut reduces speed which decreases the ability to escape from predators by movement. As a result, natural selection has favored a spiny body form and cryptic behavior, rather than a sleek body form and rapid movement to cover as in many other species of lizards. A foraging ant-eater must spend considerable time feeding. Food specialization on ants is economically feasible only because these insects usually occur in a clumped spatial distribution and thus constitute a concentrated food supply (MacArthur and Pianka, 1966) . To make efficient use of this spatially concentrated, but not overly nutritious, food supply, P. platyrhinos has had to evolve a large stomach, expand its time niche and "relax" its thermoregulation. The entire * Herbivores typically have larger guts than carnivores. ecology is dependent upon the animal's cryptic coloration, heavy body and spines, all of which confer some protection from predation, risks of which are increased during long periods of exposure by foraging in the open. A reluctance to move, even when threatened by a potential predator, could be advantageous since movement might attract a predator's attention and negate the advantage of cryptic coloration. Such decreased movement doubtlessly also contributes to the observed high variance in body temperature. The great reproductive potential of horned lizards (Table 11) , coupled with relatively high survival of adults, indicates that hatchling and juvenile Phrynosoma must suffer extremely heavy mortality. [Medica et al. (1973) report annual juvenile survivorship of 26-38% and an annual adult survivorship of from 55 to 75% in P. platyrhinos in southern Nevada.] Protection from potential predators arising from the spiny occipital horns is almost certainly much less effective for small horned lizards than for larger ones. High mortality among young horned lizards should favor low parental investment in any given progeny (Murphy, 1968), resulting in low expenditure per offspring and relatively large clutch or litter size. Finally, the very high reproductive effort of Phrynosoma is probably a simple consequence of their robust body form. Lizards that must be able to move quickly to escape predators would hardly be expected to weight themselves down with eggs to the same extent as animals that rely entirely upon spines and camouflage to avoid their enemies. Hence the apparent anomalous correlation of a long-lived, relatively K-selected, organism with a high reproductive effort is readily explained (see Pianka, 1970a for discussion of correlates of r and K selection).
Thus, Phrynosoma platyrhinos, and perhaps other members of the genus Phrynosoma, seem to be characterized by a unique constellation of anatomical, behavioral, physiological and ecological adaptations that facilitate efficient exploitation of ants as a food source and set the horned lizards apart from most other species of lizards. We list these traits again to summarize much of the foregoing discussion. Compared to many other lizard species, Phrynosoma 1) are strongly flattened dorso-ventrally, 2) are usually armed with sharp occipital spines, 3) have relatively short legs and are slow and awkward, 4) are noticeably reluctant to move when approached by a potential predator, 5) No discussion of horned lizard ecology would be complete without mention of its striking ecological equivalent, the Australian agamid Moloch horridus, which has, in at least some ways, evolved convergently with Phrynosoma (Pianka and Pianka, 1970) . Indeed, after discovering that Moloch fed almost exclusively upon ants, Saville-Kent (1897) predicted that Phrynosoma would be found to be an anteater on the basis of their similarity in body form. As we have seen, his prediction has proven to be correct. Moloch is a thornilyarmored ant specialist (in nature it eats nothing else!) with delayed maturity (Sporn, 1965 ) and a single, fairly large clutch for an Australian agamid (mean of 37 Moloch clutches is 7.2). A striking difference between the timing of reproduction in Phrynosoma and in Moloch is apparent from Table 11 Tables 2 and 11 . Wilmer Tanner allowed us to see a copy of Tanner and Krogh (1973) before it appeared in print. We are grateful to all these people. We also thank museum curators W. E. Duellman, T. Fritts,
